The conversion reactions of pure NiF 2 and the NiO-doped NiF 2 -C composite (NiO-NiF 2 -C) were investigated using X-ray absorption spectroscopy (XAS) and pair distribution function (PDF) analysis. The enhanced electronic conductivity of NiO-NiF 2 -C is associated with a significant improvement in the reversibility of the conversion reaction compared to pure NiF 2 . Different evolutions of the size distributions of the Ni nanoparticles formed during discharge were observed. While a bimodal nanoparticle size distribution was maintained for NiO-NiF 2 -C following the 1st and 2nd discharge, for pure NiF 2 only smaller nanoparticles (B14 Å) remained following the 2nd discharge. We postulate that the solid electrolyte interphase formed upon the 1st discharge at large overpotential retards the growth of metallic Ni leading to formation of smaller Ni particles during the 2nd discharge. In contrast, the NiO doping and the carbon layer covering the NiO-NiF 2 -C possibly facilitate the conversion process on the surface preserving the reaction kinetics upon the 2nd discharge. Based on the electronic conductivity and surface properties, the resulting size of the Ni nanoparticles is associated with the conversion kinetics and consequently the cyclability.
Understanding improved electrochemical properties of NiO-doped NiF 2 -C composite conversion materials by X-ray absorption spectroscopy and pair distribution function analysis † 
Introduction
Although the performance of Li-ion batteries has been improved dramatically in recent years, the limit in terms of the energy density still needs to be resolved to meet the growing demands for largescale mobile devices (e.g., electric vehicles) and minimizing the size of portable electronics. One way to achieve a greater energy density is to utilize multiple Li-ions per redox active metal center, on the contrary to the intercalation-based cathodes which can employ only 0.5-1.0 Li-ions. The limited capacity can be overcome by utilizing conversion-based cathodes that exhibit substantially greater capacities due to the fact that more than 2 Li-ions per 1 redox active metal can be utilized during the conversion reaction. 1, 2 Since the inception of the high capacity reversible Li conversion reaction in transition metal (TM) oxides, there have been several different types of conversion materials studied over the years. [3] [4] [5] [6] [7] [8] [9] The issue with these materials is that the thermodynamic potential for the conversion is low, which is not suitable for the cathode materials. Only TM fluorides, however, show a relatively high conversion potential due to high ionicity of the TM-F x bond. 10 As such, considerable effort has been devoted to tailoring the nanostructures to overcome their poor electronic conductivity. It has been demonstrated that nanocomposites of carbon and TM fluorides such as FeF 2 , FeF 3 , and BiF 3 may be utilized as cathodes for high energy Li-ion batteries, revealing a high conversion potential and acceptable cycling properties. [11] [12] [13] [14] [15] [16] In addition, the TM fluoride compounds that include an M-O covalent bond such as FeOF and Fe 2 OF 4 have been reported to exhibit better electrochemical properties in terms of the cyclability, since the M-O bond provides a higher electronic conductivity to the highly insulating M-F bond.
inter-atomic structure, phase distribution, and particle size, independent of long-range order. 26 Recently, research by Wang et al. has demonstrated by TEM and PDF that the nanosized Fe particles (1-3 nm in diameter) are interconnected in the lithiated FeF 2 and form a bicontinuous network, which provides a pathway for local electron transport through the insulating LiF phase. 20, 21 In addition to FeF 2 , isostructural oxide doped FeOF, which shows enhanced electrochemical performance, has been comprehensively studied using in situ PDF and NMR. 27 It was suggested that the preferential reaction of Fe in a F-rich phase, caused by anion partitioning of F-rich rutile and O-rich rock salt during the cycling, may result in improved electrochemical properties in this system. A major effort thus far has focused on FeF x -based compounds due to their superior electrochemical properties, and investigated only upon the 1st cycle. However, there are only a very few reports on NiF 2 in terms of its conversion mechanisms and the electrochemical properties. Zhang et al. reported that the nanostructured NiF 2 thin film fabricated by pulsed laser deposition (PLD) displayed acceptable cycling until 40 cycles at the conversion potential of 0.7 V, much lower than theoretical potential. 28 In our previous work, pure NiF 2 showed poor electrochemical properties in terms of the cyclability and NiO doping into NiF 2 turned out to be beneficial to the reversibility. 29 The Ni NPs size was approximated to be smaller in the lithiated NiF 2 than NiO doped NiF 2 by magnetic measurements, but direct evidence of the Ni NPs dimensions and detailed phase distribution in the lithiated electrodes have yet to be reported. NiF 2 is a rutile structure (P4 2 /mnm, a B4.65 Å, c B3.08 Å) with TM occupying the corners and the center of a tetragonal unit cell, and six fluorine atoms forming the quasi-octahedral environment with the TM. 30 A relevant difference is that Ni only has a divalent state so the conversion process can be isolated from the intercalation. Therefore, it is possible to directly explore the impact of O doping on the conversion process without forming the oxyfluoride phase. An additional encouraging feature is that the theoretical potential of conversion (2.96 V) is higher than the FeF x system, which may be more appropriate for the cathode materials.
In this study, we combine an in-depth analysis of XAS and PDF data to obtain comprehensive insights into the electrochemical reaction mechanism of NiO-NiF 2 -C electrodes. The effects of NiO doping and carbon composites on the conversion kinetics and reversibility are discussed by investigating the phases and size of Ni NPs in a discharged NiO-NiF 2 -C system. The structures and morphologies of the as-prepared materials were investigated by X-ray diffraction (XRD) and TEM. XAS measurements were conducted to study the conversion mechanisms and reversibility. To investigate the differences in the conversion reactions quantitatively, we analyzed the phases and Ni NPs size at the 1st and 2nd discharged states using extended X-ray absorption fine structure (EXAFS) and PDF. A better understanding of the NiF 2 based materials will help us obtain more concrete ideas on the conversion mechanism in TM-F x compounds.
Experimental

NiO-NiF 2 -C preparation
Commercially available NiF 2 (Alfa Aesar) powder was used for this study. Subsequently the NiF 2 was annealed at 500 1C for 1 hour under a mixture of argon and partial oxygen to dope the NiO phase. NiO-NiF 2 -C was prepared by high energy ball milling of NiO-doped NiF 2 with acetylene black (Strem Chemicals). Stoichiometric mixtures (NiF 2 : acetylene black = 80 : 20 wt%) were placed inside a planetary ball mill (PM 100, Retsch) and the milling was performed for 6 h at 500 rpm under an Ar atmosphere.
X-ray diffraction (XRD)
XRD patterns were collected at ambient temperature on a Bruker D8 Advance diffractometer using a LynxEye detector at 40 kV, 40 mA using a Cu-anode (Ka, l = 1.5418 Å), with a scan speed of 1 s per step, a step size of 0.021 in 2y, and a 2y range of 10-701. XRD data analysis was carried out by utilizing Rietveld refinement using the FullProf software package. 31 
Transmission electron microscopy (TEM)
The Sphera, a 200 KV instrument equipped with a LaB 6 electron gun, was utilized to investigate the morphology and structure of as-prepared NiO-NiF 2 -C material. Powder samples were hand-ground using a mortar and pestle, and dispersed in isopropanol using ultrasonication. A small amount of the solution was then dropped onto the carbon grids and then transferred into the TEM column. Micrographs were recorded on a 2K Â 2K Gatan CCD camera.
X-ray absorption spectroscopy (XAS)
X-ray absorption spectroscopy was carried out at beamline X11B of the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. Customized coin cells were used to prevent the sample contamination. The electrode samples were never exposed to the ambient environment during the measurement. Higher harmonics in the X-ray beam were minimized by detuning the Si(111) monochromator by 40% at the Ni K-edge (8333 eV). Transmission spectra at the Ni K-edge were collected along with a simultaneous spectrum on a reference foil of metallic Ni to assure consistent energy calibration. Energy calibration was carried out by using the first derivatives in the spectra of Ni foil. Data were analyzed and refined using the Ifeffit 32 and Horae 33 packages.
Pair distribution function (PDF) analysis
High-energy total X-ray scattering data (l = 0.2128 Å) were collected at the dedicated PDF beamline 11-ID-B at the Advanced Photon Source, Argonne National Laboratory. A large-area amorphoussilicon-based detector (Perkin-Elmer) was used to collect high values of momentum transfer (Q max B 18 Å
À1
). 34, 35 The raw images were integrated using the software FIT2d. 36 PDFgetX2 37 was used to correct the data for background contributions, Compton scattering and detector effects, and to Fourier transform the data to generate G(r), the PDF. Structure models were refined against the PDF data within PDFgui. 38 The electrode samples were recovered at different states of charge by disassembling the coin cells inside the glove box. The electrodes were washed with batterygrade DMC (Novolyte, packed and sealed in Kapton under an Ar atmosphere).
Electrochemical characterization
Electrochemical characterization was performed using coin-type (2016) cells. The working electrodes were composed of NiONiF 2 -C, acetylene black and PVDF at a weight ratio of 70 : 20 : 10. For the pure NiF 2 electrodes, a 10 : 10 : 8 weight ratio of NiF 2 , acetylene black, and polyvinylidene fluoride (PVDF) were utilized. Pure lithium metal was used as a counter electrode and polypropylene C480 (Celgard) was used as a separator. The coin cells were assembled with the electrolyte consisting of 1 M LiPF 6 dissolved in ethylene carbonate (EC) and dimethylene carbonate (DMC) with a volume ratio of 1 : 1 (Novolyte) in an MBraun Ar-filled glove box (H 2 O o 0.1 ppm). Electrochemical cycling was performed using a battery cycler (Arbin) at room temperature, with a constant current density of C/20, and a cell potential range of 1.0-4.5 V.
Results and discussion
Properties of as-prepared NiO-NiF 2 -C material
The structures and morphologies of as-prepared NiO-NiF 2 -C were analyzed by XRD and TEM. XRD patterns of pure NiF 2 and NiO-NiF 2 were presented for comparison and are shown in Fig. 1(a) . NiO was introduced into the NiF 2 as a second phase, observed at 2y = 371, 431 and 631. The refinements by the Rietveld method were carried out and the refined parameters with reliability factors are presented in Table S1 (ESI †). Based on the refinement, it is estimated that B14.6 wt% of NiO was doped in the NiF 2 as a result of the annealing. The peaks corresponding to NiF 2 appeared to be sharper in NiO-NiF 2 , indicating that the crystallinity is improved by annealing. Decreased intensities and larger full width half maximum (FWHM) compared to the NiO-NiF 2 were shown in NiO-NiF 2 -C due to the nanosize peak broadening. A relatively high R B factor was obtained in the refinement, which may be caused by the broadened XRD patterns. The reflections corresponding to the NiO phase were still observed as a second phase. Except for the peak broadening, no significant differences were observed in the lattice parameters and atomic positions in NiO-NiF 2 -C. The TEM image presented in Fig. 1(b) shows that nanosized NiF 2 was formed by lattice fringes spaced by 3.25 Å and 2.56 Å, which correspond to the distances of NiF 2 (110) and (101), respectively. The primary particle size of crystalline NiF 2 in NiO-NiF 2 -C was around 10-15 nm and they were surrounded by an amorphous carbon matrix (B10 nm in thickness), which possibly improves the electronic conductivity as well as protects the surface of the material.
Electrochemical properties of NiO-NiF 2 -C electrodes
In this study, 4 different systems, pure NiF 2 , NiF 2 -C composite, NiO-NiF 2 , and NiO-NiF 2 -C, have been prepared and electrochemically evaluated (see Fig. S1 , ESI †). Interestingly, NiONiF 2 -C showed the most enhanced cycling performances while NiF 2 -C and NiO-NiF 2 exhibited only a slight improvement. Therefore, we more closely studied the two extreme cases, pure NiF 2 and NiO-NiF 2 -C, to understand the origin of different electrochemical behaviors. As shown in Fig. 2 , the electrochemical properties of the NiO-NiF 2 -C electrode were investigated in the voltage range of 1.0-4.5 V at a C/20 rate. The NiF 2 electrode delivered 700 mA h g À1 at the 1st discharge, which is around 150 mA h g À1 greater capacity than the theoretical value due to the side reaction such as a solid electrolyte interphase (SEI) layer, [3] [4] [5] but the reversibility at the 1st charge was only 63.5% AE 1%. The capacity at the 1st discharge was lower in NiO-NiF 2 -C by around 15%, since 14-15 wt% of NiO was incorporated into NiF 2 . NiO can only be converted into Ni and Li 2 O under 0.5 V but remains inactive within the potential window used here. 29 The capacity with respect to the active NiF 2 component remained unchanged. Considerable improvement in the reversibility, 88% AE 1%, was obtained in NiO-NiF 2 -C upon the 1st cycle. The conversion potential was slightly increased by 0.15 V at the 1st discharge indicating that the overpotential was diminished. The large overpotential contains a significant component of polarization related to slow reaction kinetics particularly upon the lithiation (discharge) process. 39 As shown in Fig. S2 (ESI †), even higher conversion potential can be obtained at 70 1C. Based on the electrochemical properties, it is suggested that the polarization during the 1st discharge is reduced possibly due to improved electronic conductivity by NiO (band gap: 4.3 eV) 40 doping into highly insulating NiF 2 (band gap: 6.5 eV) 41 and incorporation with conductive carbon.
Conversion mechanisms and reversibility of NiF 2 and NiO-NiF 2 -C
To investigate the conversion mechanism and reversibility, XAS measurements including X-ray absorption near edge structure (XANES) and EXAFS were performed. As presented in Fig. 3(a) , it is clearly observed that the magnitude of Ni 2+ absorption at around 8345 eV largely disappeared after the 1st discharge and shifted to lower energy corresponding to metallic Ni (8333 eV). This indicates that NiF 2 was converted to metallic Ni by the conversion process. The 1st derivative of XANES spectra in Fig. S3 (ESI †) provides a better indication of the shifts in edge energy. After the 1st charge of the NiF 2 , the XANES is consistent with the presence of both NiF 2 and metallic Ni, suggesting that the conversion process is partially reversible. Most of the re-converted NiF 2 was converted to metallic Ni by the 2nd discharge. Fundamentally, the same phenomena, which are partially reversible conversion processes, were observed in the NiO-NiF 2 -C electrode (see Fig. 3(b) ); however, the spectra after the 1st charge display a larger portion of NiF 2 indicating that the reversibility of the conversion process is improved. It is also worth noting that the XANES spectra at the 1st and the 2nd discharge of NiO-NiF 2 -C were precisely overlapped suggesting that the reversibility beyond the 1st discharge is indeed good. The phase distribution of the electrodes at the different states of charge was estimated by linear combination fit to XANES using NiF 2 , NiO-NiF 2 -C and Ni foil references. The amount of conversion in the NiF 2 was around 94% at the 1st discharge, but only 47% of NiF 2 was regenerated after the 1st charge indicating poor reversibility. Considerably improved reversibility, around 80%, was shown in the NiO-NiF 2 -C electrode at the 1st charge, but still 20% of Ni was not re-converted into NiF 2 resulting in the irreversibility in the charging process. Most of the NiF 2 was converted into Ni at the 2nd discharge in both electrodes. The XAS results including the amount of conversion and the reversibility are in good agreement with the electrochemical properties. The EXAFS spectra of the NiF 2 and NiO-NiF 2 -C electrodes are shown in Fig. 4 and the refined structural parameters are summarized in Table 1 . As shown in Fig. 4(a) , the absence of the Ni-F contribution and the presence of the Ni-Ni contribution for the 1st discharged electrode are consistent with the reduction of Ni 2+ to metallic Ni. Although the amplitude of the Ni-F contribution was increased and the Ni-Ni contribution was reduced after the 1st charge in NiF 2 , both phases are still predominant indicating that the re-conversion process is not View Article Online completely reversible. However, NiO-NiF 2 -C (see Fig. 4(b) ) shows negligible Ni-Ni contribution in the 1st charged electrode, which means that the reversibility of the re-conversion is significantly improved. The pristine and the 1st charged NiO-NiF 2 -C exhibit very similar distance and intensity for the Ni-F bond suggesting that the changes in the Ni-F environment are very slight. Besides, both as-prepared and the 1st charged NiO-NiF 2 -C show relatively lower Ni-F amplitude than that of pure NiF 2 due to the nanosized NiF 2 in the composites. The lower amplitude of Ni-Ni of the 1st and 2nd discharged electrodes relative to that of Ni foil is consistent with formation of Ni NPs through the conversion process (see Fig. 4(c) and Fig. S4 , ESI †). The magnitude of the Fourier transformed (FT) intensity is diminished from the bulk Ni to Ni NPs, since the total amount of Ni-Ni coordination became smaller in NPs. 42 After the 2nd discharge, the intensity of Ni-Ni was further decreased in the NiF 2 electrode, however no noticeable differences were observed in the NiO-NiF 2 -C.
Relationship between the conversion reaction and the particle size of Ni NPs
To elucidate the relationship between the conversion reaction kinetics and the size of Ni NPs, we compared the amplitude corresponding to Ni-Ni on the EXAFS spectra at each discharged state. It is clearly observed that the magnitude of Ni-Ni after the 1st discharge diminished in the NiF 2 compared to metallic Ni (see Fig. 4(c) ) suggesting that Ni NPs were formed due to the slow growth rate of Ni upon the conversion process. 16, 43 More quantitative studies on the size of Ni NPs were carried out by the refinement of structural models against the EXAFS data. The refined structural parameters including bond length, Debye-Waller factor (s 2 ), size of Ni NPs and R-factors are presented in Table 1 . EXAFS is sensitive to crystallite size, since the average coordination number for a given scattering path is suppressed by a factor that depends upon the distance between the absorbing and scattering atoms. 44 In this sense, Calvin et al.
suggested that the average particle size in the materials can be estimated by the following equation.
The crystallite is considered a homogeneous sphere of radius R. For multiple-scattering paths, r is the distance from the absorbing atom to the most distant scattering atom, rather than half of the total path length. On the basis of the EXAFS refinement, the average size of Ni NPs in the NiF 2 was approximately 3.29 nm after the 1st discharge and they became even smaller, 1.89 nm, after the 2nd discharge. It is worth noting that the bond distances of Ni-Ni in the 2nd discharged NiF 2 are slightly larger compared with the other discharged states. This type of lattice expansion can be ascribed to a nanosize effect, because similar expansions have also been detected in nanosized metals. 21, 45 Nevertheless, the size of Ni NPs and the bond lengths appeared to be preserved until the 2nd discharge in NiO-NiF 2 -C electrode.
To evaluate the phase distribution and the Ni NPs size after the 1st and 2nd discharge, PDF measurements were carried out (see Fig. 5 ). The r-range over which well-defined features are evident in the PDF, G(r), reflects the length scale of well-ordered structural domains -no peaks are evident at distances beyond the size of the NPs. 26 A clear reduction in the length scale of ordering was evident from the PDFs for the cycled electrodes compared to pure NiF 2 systems. The PDFs for the 1st and 2nd discharged NiO-NiF 2 -C were very similar. The phase distributions and particle dimensions were quantified by refining structural models against the PDF data. This analysis shows that after the 1st discharge both systems consist of Ni NPs with a bimodal size distribution centered at B14 Å and B40 Å with a minor amount of rock salt NiO. During the 2nd discharge there Fig. 4 EXAFS spectra at the Ni K-edge (8333 eV) of (a) NiF 2 at initial, 1st discharge, 1st charge and 2nd discharge including Ni metal standard (black dots), (b) NiO-NiF 2 -C at initial, 1st discharge, 1st charge and 2nd discharge including Ni metal standard (black dots), and (c) enlarged EXAFS regions for 1st and 2nd discharged electrodes along with Ni metal standard (black dots).
was a moderate (B10%) increase in the relative abundance of the smaller NPs for the NiO-NiF 2 -C system. This change in the NP size distribution likely reflects the decrease in the average NP size evident in the EXAFS analysis (31.9 Å to 28.8 Å) after the 2nd discharge (Table 1) . By contrast, after the 2nd discharge for NiF 2 , as also evident in the EXAFS analysis, only the smaller NPs were observed. The reduced Ni particle size following the 2nd discharge of the pure NiF 2 electrode can be attributed to slow kinetics of the conversion process. 29 Since the conversion reaction starts from the surface and propagates inwards, the surface properties are pivotal to initiate the reaction. 21 Based on the observations by EXAFS and PDF, we suggest two plausible explanations here. First, an insulating SEI layer formed on the surface upon the 1st discharge possibly retards the re-conversion process, the growth of NiF 2 , resulting in smaller NiF 2 after the 1st charge. The Ni NPs formed from these smaller NiF 2 would likely be smaller than that formed from larger NiF 2 . Second, the growing SEI may interrupt the initiation of the reduction process (Ni 2+ to Ni 0 ) on the surface of the NiF 2 upon the 2nd discharge. This limits the kinetics of the conversion process, the growth of Ni, resulting in even smaller NPs during the 2nd discharge. The refined phase fraction of NiO, which seems larger than expected in 2nd discharged NiF 2 , may be originated from a partial re-oxidation of Ni NPs during recovery of the electrode. It also cannot be ruled out that the LiF in the sample, which has a similar atomic structure to NiO, contributed to a certain portion of NiO since the conversion process produces a large quantity of LiF. In the NiO-NiF 2 -C, on the other hand, the NiO doping and the carbon layer surrounding the NiF 2 particles possibly provide enough electronic conductivity to initiate the conversion reaction on the surface, and may prevent the SEI from growing thicker. The enhanced conductivity on the surface maintains the kinetics of the conversion process until the 2nd cycle (see Fig. S7 , ESI † for the schematic). Taking every observation and analysis into account, we deduce that the changes in size of Ni NPs for the 1st and 2nd discharged electrodes are affected by the electronic conductivity, specifically on the surface, and eventually correlated to the cyclability.
The NiO-NiF 2 -C system studied in this work provides an intriguing contrast to the FeOF-C system. 27 In FeOF, the O and F are disordered over the anion lattice sites of the rutile structure while O cannot be incorporated into rutile NiF 2 . Interestingly, at the end of the first cycle of FeOF, a two-phase mixture of rock salt (O-rich) and amorphous rutile (F-rich) co-exist in the form of a composite with the conductive carbon matrix. Our work is the first step to demonstrate that synthesis of a single phase , and the size of Ni NPs was refined. The coordination number (CN) was fixed based on the structural model. View Article Online mixed anion system is unnecessary and the electrochemical performance enhancements in conversion systems may be realized by physical mixtures of oxides and fluorides. An appropriate nanostructuring of the composite remains to be optimized.
Conclusions
The conversion mechanism of NiO-NiF 2 -C has been investigated and compared with pure NiF 2 using XAS and PDF analysis. The NiO-NiF 2 -C electrode showed a significantly improved reversible conversion reaction over pure NiF 2 due to enhanced electronic conductivity. It is observed by EXAFS that the average size of Ni NPs was diminished after the 2nd discharge in the pure NiF 2 electrode. The PDF analysis indicated that a bimodal size distribution (B14 Å and B40 Å) of Ni NPs was found in both NiF 2 and NiO-NiF 2 -C electrodes after the 1st discharge. However, only smaller NPs (B14 Å) remained for pure NiF 2 after the 2nd discharge. This may be ascribed to poor electronic conductivity on the surface of the NiF 2 originated from a large amount of SEI layer formed upon the 1st discharge. In contrast, a bimodal size distribution was maintained for the NiO-NiF 2 -C since the NiO doping and the carbon layer on the surface possibly provide enough electronic conductivity to initialize the conversion reaction from the surface. Based on in-depth insights into the conversion mechanisms of NiF 2 and NiO-NiF 2 -C, we infer that the size changes in Ni NPs for the 1st and 2nd cycles are significantly influenced by the electronic conductivity; consequently have a strong correlation to the cyclability of the batteries.
